Abstract Doxorubicin is an antineoplastic drug widely used in cancer treatment. However, many tumors are intrinsically resistant to the drug or show drug resistance after an initial period of response. Among the different molecules implicated with doxorubicin resistance are the heat shock proteins (Hsps). At present we do not know with certainty the mechanism(s) involved in such resistance. In the present study, to advance our knowledge on the relationship between Hsps and drug resistance, we have used peripheral blood mononuclear cells obtained from healthy nonsmoker donors to evaluate the capacity of a preliminary heat shock to elicit the Hsp response and to establish the protection against the deoxyribonucleic acid (DNA) damage induced by doxorubicin. DNA damage and repair were determined using the alkaline comet assay. We also measured the expression of Hsp27, Hsp60, Hsp70, Hsp90, hMLH1, hMSH2, and proliferating cell nuclear antigen by immunocytochemistry. The damage induced by doxorubicin was more efficiently repaired when the cells were previously heat shocked followed by a resting period of 24 hours before drug exposure, as shown by (1) the increased number of undamaged cells (P Ͻ 0.05), (2) the increased DNA repair capacity (P Ͻ 0.05), and (3) the high expression of the mismatch repair (MMR) proteins hMLH1 and hMSH2 (P Ͻ 0.05). In addition, in the mentioned group of cells, we confirmed by Western blot high expression levels of Hsp27 and Hsp70. We also noted a nuclear translocation of Hsp27 and mainly of Hsp70. Furthermore, inducible Hsp70 was more expressed in the nucleus than Hsc70, showing a possible participation of Hsp70 in the DNA repair process mediated by the MMR system.
INTRODUCTION
Doxorubicin (Adriamycin) is a member of the anthracycline family of antineoplastic drugs and is used as a firstline chemotherapy in the treatment of several solid tumor types. Previous studies have established that doxorubicin induces apoptosis of tumor cells, ie, in leukemia lymphocytes (Anand et al 1995) as well as in breast carcinomas and sarcomas (Ciocca et al 2003) . The cytotoxicity of doxorubicin is due to a variety of mechanisms like Topoisomerase-II inhibition, oxygen reactive species generation, deoxyribonucleic acid (DNA) crosslinks, double-strand breaks, and the recently described inhibition of the mismatch repair (MMR) pathway (Skladanowski and Konopa 1994; Larson and Drummond 2001) . Although doxorubicin is a very effective cytotoxic drug, many tumors are intrinsically resistant to the drug (innate drug resistance) or show drug resistance after an initial period of response (acquired drug resistance). Among the different molecules that have been implicated with doxorubicin resistance are the heat shock proteins (Hsps). Normal cells under constitutive conditions produce Hsps; besides, they are induced in normal and tumor cells in response to various damaging conditions including heat shock, oxidative stress, anticancer drugs, and others. The Hsps participate as molecular chaperones in a wide range of cellular processes (Georgopoulos and Welch 1993) . Pre-vious in vitro studies have involved certain Hsps with cytotoxic drug resistance, eg, elevated levels of Hsp70 and Hsp27 in breast cancer cell lines were associated with doxorubicin resistance (Ciocca et al 1992; Garrido et al 1996) . Moreover, in vivo studies have demonstrated a correlation between Hsp70 and Hsp27 expression with drug resistance in breast cancer patients treated with induction chemotherapy containing doxorubicin among other drugs (Vargas-Roig et al 1998) . Interestingly, in these biopsy samples there was nuclear translocation of the Hsps after chemotherapy. However, at present, we do not know which is the possible mechanism(s) implicating Hsp27 and Hsp70 with doxorubicin resistance.
In the present study, to advance our knowledge on the relationship between Hsps and drug resistance, we have used peripheral blood mononuclear cells (PBMC) obtained from healthy nonsmoker donors to evaluate the capacity of a preliminary heat shock to elicit the Hsp response and to establish the protection against the DNA damage induced by doxorubicin. In other words, we have assessed how the heat shock response may influence the DNA damage-repair capacity of the cells. The DNA repair capacity is one of the factors that could be involved in the individual phenotypic response to genotoxic agents. DNA damage and repair were determined using the alkaline comet assay. This method is very useful to measure the DNA damage in individual cells. The negatively charged broken ends of the DNA molecule are free to migrate in an electrophoretic field toward the anode, forming a comet (Fairbairn et al 1995) . The technique constitutes a rapid assay for the screening of mutagen sensitivity and for the study of interindividual variations in the DNA damage susceptibility and in the DNA repair capacity (Schmezer et al 2001) . We measured in control and heat shocked/doxorubicin-treated cells the expression of Hsp27, Hsp60, Hsp70, and Hsp90 by immunocytochemistry and Hsp27 and Hsp70 expression at relevant time points by Western blot. In addition, the expression of hMLH1 and hMSH2 MMR proteins and proliferating cell nuclear antigen (PCNA) also was evaluated. A deficiency of the MMR pathway has been associated with resistance to doxorubicin in cultured cells (Drummond et al 1996; Fink et al 1998) . Base misincorporations occurring as a consequence of polymerase errors during DNA replication, chemical or physical DNA damages, or nonhomologous recombination are corrected by MMR. In human cells, the MMR process is mediated by hMSH2, hMSH3, hMSH6, hMLH1, and hPMS2. The repair initiation complex is adenosine triphosphate-dependent and also requires PCNA, which interacts with complexes containing hMLH1 and hMSH2 (Flores-Rozas et al 2000) .
The results obtained showed the use of the comet assay to evaluate the individual response to doxorubicin and the implications of Hsps in the DNA damage-repair processes. We report here the baseline data found in PBMC from healthy individuals, and the results obtained support the further use of these assays to evaluate the individual phenotypic response in cancer patients under doxorubicin treatment.
MATERIALS AND METHODS

Cell isolation and experimental design
PBMC were obtained from 5 healthy nonsmoker donors by venous puncture. The blood was collected with heparin, and the PBMC were separated by Ficoll density gradient centrifugation (30 minutes at 1400 rpm). The PBMC were exposed to mitogen-induced blast transformation for further study of MMR proteins and PCNA. For this, the PBMC were resuspended in Roswell Park Memorial Institute (RPMI) 1640 medium supplemented with 100 U/mL of penicillin, 100 g/mL of streptomycin, 0.5 g/ mL of amphotericin B, 2 mM L-glutamine, and 10% of fetal calf serum (FCS) and incubated in the presence of 5 g/mL of phytohemagglutinin for 48 hours. All the reagents were obtained from Sigma-Aldrich, St. Louis, MO (USA), except FCS, which was provided by Bioser (Buenos Aires, Argentina). The cellular composition of the PBMC after these treatments was characterized by immunocytochemistry (see description below). The PBMC were represented by Ͼ95% of T-lymphocytes (CD43ϩ) and B-lymphocytes (CD20ϩ).
We performed 2 tests on the PBMC: test 1 and test 2. The difference between them was the recovery period after heat shock. There were 4 groups in each test: group 1 (control: C), group 2 (heat shock: HS), group 3 (doxorubicin: Do), and group 4 (heat shockϩdoxorubicin: HSϩDo). Table 1 shows a scheme of the experimental design. Test 1: after the first 48 hours of culture, PBMC in groups 2 and 4 were treated at a nonlethal temperature of 42ЊC for 1 hour in a temperature-controlled waterbath, followed by a recovery period of 4 hours at 37ЊC. Then, groups 3 and 4 were treated for 1 hour with 21 nM of fresh doxorubicin (Filaxis Laboratory, Argentina) for 1 hour (this concentration was estimated on the basis of the percentage of damaged cells using alkaline comet assay and cell viability with trypan blue, data not shown). After treatment, the cells were washed in RPMI 1640, and half of the cells of each group were harvested at time 0 (T0). The other half of cells were resuspended in fresh culture medium for a recovery period of 24 hours at 37ЊC to study DNA repair and collected at time 24 (T24). Test 2: after 48 hours of culture, the groups were treated at a nonlethal temperature of 42ЊC for 1 hour in a temperature-controlled waterbath, followed by a recovery period of 24 hours at 37ЊC. When this time was completed, the groups 3 and 4 were treated with 21 nM of doxorubicin for 1 hour. At the end of this step, half of the cells of each group were collected at T0, and the other half were collected at T24. After each harvest, the cells were cryopreserved until the next studies at Ϫ80ЊC in a solution containing RPMI 1640 (40%), FCS (50%), and dimethyl sulfoxide (10%). All the experiments were done twice. Moreover, because we found high interindividual variations in the nuclear translocation experiments, we added 3 normal subjects for this specific set of experiments. For cell permeabilization, the slides were immersed 5 minutes in Nonidet-P40 (NP-40) 0.1% in phosphate-buffered saline (PBS, pH 7.4) at 4ЊC. PCNA, hMLH1, and hMSH2 antigen unmasking was carried out in 0.01 M citrate buffer (pH 6.0) at 100ЊC for 25 minutes. The cells were incubated with the primary antibodies overnight at 4ЊC in humidity chambers at the following dilutions: PARP, 1:200; CD20, 1:150; CD43, 1:100; Hsp25/27, 1:2000; LK2, 1:50; BRM-22, 1:1000; 1B5, 1:2000; AC88, 20 g/mL; PC10, 1:1000; hMLH1, 20 g/mL; hMSH2, 4 g/mL. For Hsc70 we used a goat biotinylated anti-rat IgG antibody (Sigma-Aldrich). As second antibody we used a labeled polymer conjugated with goat anti-rabbit and goat antimouse immunoglobulins (DAKO EnVision System Peroxidase, Dako Corporation). Diaminobenzidine (0.5 mg/ mL)-hydrogen peroxide (0.01%) was used as chromogen substrate. Slides were lightly counterstained with 0.5% methyl green and observed with an IM35 microscope (Carl Zeiss, Oberkochen, Germany). The immunostaining was evaluated according to the percentage of positive cells (cytoplasmic or nuclear staining) in 200 cells per sample under double blindness throughout the study. In every assay, a negative control was included.
Immunocytochemistry
Alkaline comet assay
The frozen PBMC were thawed in a thermostatic bath at 37ЊC, washed in PBS, and resuspended in cold PBS to a final concentration of 1 ϫ 10 6 cells/mL. Cell viability was Ͼ95% in the control group. To prevent additional DNA damage, the cells were kept in the dark, at 4ЊC. The al-kaline comet assay was performed according to a described procedure (Olive et al 1992) . Cells were embedded in 1% agarose, and the suspension was spread over a frosted slide. Approximately 50 000 cells were placed on each slide. The assay was produced in duplicate. After electrophoresis, the agarose gels containing the cells were placed on microscope slides and washed twice for 2 minutes with deionized water. An improved silver staining method recently reported by us (Nadin et al 2001) was used to visualize the comets. All samples (at least 40 cells in each gel) were evaluated in duplicate under double blindness using a visual score from 0 (no damage) to 5 (total damage) (Anderson et al 1994) . To facilitate the management of the data, the DNA damage was classified as: none (cells with score 0), low (cells with score 1 and 2), high (cells with score 3 and 4), and total (cells with score 5). Comets were evaluated under the 20ϫ objective. A positive control was included in each assay, treating part of PBMC with 60 M of hydrogen peroxide for 1 hour.
TUNEL technique
Apoptosis was evaluated by the terminal deoxyribonucleotidyl transferase-mediated dUTP-digoxigenin nick end labeling (TUNEL) method using the ApopTag Plus kit (Oncor, Gaithersburg, MD, USA; S7101-KIT), with a modification of the detection system, which significantly increased the sensitivity of the technique (Cuello-Carrión and Ciocca 1999).
Western blotting
Immunoblotting procedures were used to determine the specificity and quantity of Hsp27 and Hsp70 at relevant time points. The PBMC were washed in PBS and then resuspended in sample buffer. The proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis followed by Western blotting as described elsewhere (Ciocca et al 1989) . A sample protein of 30 L (7 ϫ 10 5 cells) was loaded and separated in a resolving gel with 12.5% of acrylamide. One lane was loaded with molecular weight markers (Rainbow Marker; Amersham, Buckinghamshire, UK): Lysozyme (M r 14 300); trypsin inhibitor (M r 21 500); carbonic anhydrase (M r 30 000); ovalbumin (M r 46 400); bovine serum albumin (BSA) (M r 69 000); and phosphorylase B (M r 97 000). Detection of the specific Hsp27 and Hsp70 bands on the nitrocellulose paper was performed using the rabbit polyclonal antibody against Hsp25/27 at 1:2000 dilution in blocking buffer (5% BSA in PBS-0.5% Tween 20) and the mouse Mab BRM-22 against the constitutive and inducible forms of Hsp70 at 1:2000 dilution in blocking buffer. After overnight incubation at 4ЊC with shaking, the membranes were washed and incubated with a biotinylated swine antibody to rabbit immunoglobulins (Dako Corporation; 1:2500) and a biotinylated rabbit antibody to mouse immunoglobulins (Dako Corporation; 1:2500) for 60 minutes. After washing, the membranes were incubated with peroxidase-labeled streptavidin-biotin complex (1:5000) for 60 minutes. Washed membranes were then incubated with chemiluminescence reagents (Dupont, NEN, Boston, MA, USA) following manufacturer's instructions. The light was captured on autoradiography film (Kodak X-OMAT LS, Sigma, St Louis, MO, USA) and photographed.
Statistical analysis
The Kruskal-Wallis signed rank nonparametric test with Dunns posttest was used to compare all the groups of both tests. We also used linear regression to compare the percentage of apoptosis obtained from alkaline comet assay, TUNEL technique, and PARP cleavage. Statistical analyses were performed using the Prism computer program (GraphPad PRISM Software, San Diego, CA, USA), P Ͻ 0.05 was considered significant.
RESULTS
DNA damage produced by doxorubicin and the cytoprotective effect of heat shock
We first used the alkaline comet assay to measure the levels of DNA damage induced by doxorubicin. Previous studies have shown significant differences in the distribution of DNA damage among PBMC from each individual, between individuals according to age (Singh et al 1991) , and among smokers depending to the extent of smoking (Dhawan et al 2001) . Therefore, to diminish the basal level of damage, a group of nonsmoker control subjects (between 23 and 29 years of age) was selected. Figure 1 shows the different kinds of DNA damage induced by heat shock, doxorubicin alone, and doxorubicin after heat shock, in comparison with a control group. Note the significant difference found between test 1 and test 2 in group 4 (HSϩDo), which constitutes the first evidence on the relationship between the recovery period after heat shock (test 1, 4 hours; test 2, 24 hours) and the cytoprotective effect on PBMC. Figure 2 shows the detailed evaluation of the comets after hyperthermia and doxorubicin treatments. The heat shock caused a modest decrease in the percentage of cells without damage, with a concomitant small increase in cells with high and total damage (Fig 2A,C,D) . On the other hand, doxorubicin induced a significant DNA damage (Fig 2A,C,D) . This was observed in the percentage of cells with high damage for test 1 at T0, test 1 at T24, and test 2 at T0 (Fig 2C) and in the percentage of cells with Fig A-F, 220ϫ; Fig G-H, 1370ϫ. Fig 2. Comet assay, deoxyribonucleic acid damage caused by hyperthermia and doxorubicin. Note in group 4 the difference in cells with none (A), high (C), and total (D) damage between test 1 and test 2 at T24 in group 4. Bars represent mean Ϯ standard error (SEM). Significance of the differences are given by *P Ͻ 0.05, **P Ͻ 0.01, and ***P Ͻ 0.001. C: control; HS: heat shock; Do: doxorubicin; HSϩDo: heat shock and doxorubicin.
total damage for test 1 at T0, test 2 at T0, and test 2 at T24 (Fig 2D) . At low levels of damage, no differences were found (Fig 2B) .
The heat shock protected the PBMC from the damage caused by doxorubicin (group 4), but only in test 2 (24-hour recovery period). This is supported by the significant differences found between test 1 and test 2 at T24 in the percentage of cells with no damage, with high damage, and with total damage (Fig 2A,C,D, respectively) . In addition, the mentioned group in test 1 at T24 showed statistically significant differences in comparison with group 1 (control) in the percentage of undamaged cells (Fig 2A) , cells with high damage (Fig 2C) , and cells with total damage (Fig 2D) . Furthermore, there was also an interesting significant difference in the percentage of cells with high damage (Fig 2C) in test 2 at T24 between groups 3 (Do) and 4 (HSϩDo), suggesting that the heat shock protected from doxorubicin treatment.
Previous studies have shown that the nature of the cytotoxic effects of doxorubicin was mediated by the process of apoptosis. To verify whether the PBMC that presented a total damage (score 5) in the comet assay were really in apoptosis, we assessed the PARP cleavage by immunocytochemistry and by the TUNEL technique. PARP is a M r 116 000 nuclear protein involved in the response to DNA damage. Studies of programmed cell death by genotoxic agents have demonstrated that apoptotic cells show a unique PARP cleavage pattern that is considered an early marker of apoptosis (Kaufmann et al 1993) . PARP also showed a strong correlation with acridine orange, which is used to visualize the chromatin condensation pattern characteristic of apoptosis (Whitacre and Berger 1997) . In the present study, we analyzed by TUNEL and PARP the group with the highest percentage of cells with total damage: group 4 of test 1 at T24 ( Fig  2D) . We found by linear regression a very good correlation between the comet assay and TUNEL (P ϭ 0.0014, r 2 ϭ 0.9363), between the comet assay and PARP (P ϭ 0.0032, r 2 ϭ 0.9052), and between PARP and TUNEL (P ϭ 0.0001, r 2 ϭ 0.9822). The DNA repair capacity was calculated after a fixed repair time of 24 hours as the percentage of undamaged cells in each group (groups 3 and 4) divided by the percentage of undamaged cells in group 1 (control) ϫ 100 (Schmezer et al 2001) . There was a significant difference between test 1 and test 2 in group 4 (HSϩDo) only (Fig  3) . These data confirm that the PBMC in group 4 (HSϩDo) in test 2 repaired more efficiently the DNA damage caused by doxorubicin than in group 3 (Do). In contrast, there was no repair of the damage in group 4 in test 1, which reflects that the function of the chaperones may depend on the recovery period after heat shock.
Induction of Hsp27, Hsp60, Hsp70, and Hsp90 by hyperthermia and doxorubicin in vitro in PBMC
We measured by immunocytochemistry Hsp27, Hsp60, Hsp70, and Hsp90 expression in all groups of both tests at T0 and at T24. Mammalian cells are known to synthesize Hsps in vitro after brief exposures to temperatures Deoxyribonucleic acid (DNA) repair capacity after a fixed repair of 24 hours. In group 3 (Do), there was no significant difference between test 1 and test 2. In contrast, in group 4 (HSϩDo), the difference between both tests was statistically significant (* P Ͻ 0.05), which reflects the importance of the recovery period after the heat shock in the thermotolerance developed in response to doxorubicin. Percentages of DNA repair capacity are reported (ϮSEM). of 3-5ЊC above normal (heat shock). The heat shock performed for 1 hour at 42ЊC induced all the Hsps with 4 as well as 24 hours of recovery in group 2 (HS), and in comparison with group 1 (control), there was a significant difference for all the Hsps measured and for test 1 and test 2 at T0 (Fig 4) . The mentioned differences observed between groups 1 and 2 remained at T24 in both tests, although they were statistically significant in test 2 at T24 for all Hsps studied and in test 1 at T24 for Hsp60 only (Fig 4) . Doxorubicin (group 3) increased the expression of the Hsps by more than 10%, and the differences with respect to group 1 (control) were significant only in test 2 at T24. The increased production of oxygen free radicals by doxorubicin may explain the increased expression of Hsp (Fig 4) .
All Hsps studied increased in group 4 (HSϩDo) when compared with group 1 (control). The values obtained in group 4 were very similar to those in group 2 (HS). At T0 there were significant differences with regard to the control group for Hsp27 in test 1 and test 2 (Fig 4A) and Hsp60 in test 1 (Fig 4B) . In test 2, at T24, we found a significant Hsp expression with respect to group 1 (control) for Hsp27 (Fig 4A), Hsp60 (Fig 4B), Hsp70 (Fig 4C) , and Hsp90 (Fig 4D) .
Because the purpose of the experiment was to evaluate the influence of heat treatment on doxorubicin-induced DNA damage, we paid attention to the differences in Hsps induction between group 3 (Do) and group 4 (HSϩDo) and between test 1 and test 2. Nevertheless, we found no significant differences between groups 3 and 4 and between tests 1 and 2 in Hsps expression by immunocytochemistry. Because the highest mean levels of Hsps were observed in group 4 of test 2 at T24, and corresponded to Hsp27 and Hsp70, we assessed by Western blot the expression levels of the mentioned Hsps (Fig 5) .
In group 4 (HSϩDo) we noted a higher expression of Hsp27 and Hsp70 in test 2 at T24 than in test 1 at T24. In addition, group 3 (Do) presented a modest decrease in the expression of Hsp27 and Hsp70 than group 4 (HSϩDo). These data permit to conclude that the high expression levels of Hsp27 and Hsp70 found in group 4, together with the increased DNA repair capacity, suggest a clear relationship of the Hsps with the DNA repair pathway. The latter observations are consistent with previous in vitro studies in which elevated levels of Hsp27 and Hsp70 were associated with drug resistance.
Nuclear translocation of Hsp27 and Hsp70
A nuclear translocation of Hsp27 and Hsp70 was found in group 4 (HSϩDo) (see Fig 1G,H) . This observation was more evident in test 2 than in test 1 and particularly at T24 (Fig 6) . We found a statistically significant difference in test 2 at T24 between control and group 4 for nuclear Hsp70. The differences in the percentages of cytoplasmic Hsp27 and Hsp70 were significant in both tests between group 4 and control (group 1).
Hsc70 was studied in group 4 of test 2, which presented a significant percentage of nuclear Hsp70. However, we verified that the nuclear translocation of Hsp70 was predominantly of inducible Hsp70 (ഡ70% calculated by difference between total Hsp70 and Hsc70).
Effect of hyperthermia on the expression of hMLH1, hMSH2, and PCNA
MMR is a postreplicative DNA repair process, and PCNA is undetectable in circulating lymphocytes, therefore, for this study, the PBMC were cultured with a mitogen for 48 hours before the subsequent treatment to bring them into the cell cycle. The MMR proteins hMLH1 and hMSH2 and PCNA were studied by immunocytochemistry (Fig 7) . The difference noted between both tests could be related to the increased DNA repair capacity observed in group 4 of test 2. Taken together, the data suggest that the Hsps, particularly the nuclear-translocated Hsp72, are helping certain DNA repair proteins, such as MMR proteins, in damage correction and are inhibiting the apoptotic pathways. We were interested in the action of PCNA because it is required for MMR and because this protein interacts with complexes containing hMSH2 or hMLH1 (Gu et al 1998) . However, we did not observe statistically significant changes in PCNA levels between test 1 and test 2, as well as among the 4 studied groups (data not shown).
DISCUSSION
The clinical outcome in cancer patients to cytotoxic drugs can be mimicked by incubation of leukocytes with drugs in culture, suggesting that this correlation reflects a cellbased phenomenon (Oshita et al 1995) . Then, an important goal is to find a test that can predict the response of a patient to chemotherapy administration. In the present study, we explored the comet assay to quantify the DNA damage at individual cell level, and at the same time, to evaluate the repair proficiency using easily accessible cells like PBMC. This is our first step to further explore the usefulness of this test to predict the response of cancer patients to chemotherapy. We demonstrated that the comet assay is a highly sensitive technique to analyze the DNA damage induced by doxorubicin. In addition, the Nuclear and cytoplasmic percentages of heat shock protein (Hsp)27 and Hsp70. The graph shows the differences found between group 1 (control: C) and group 4 (heat shock ϩ doxorubicin: HSϩDo) and between test 1 (recovery period of 4 hours after heat shock) and test 2 (recovery period of 24 hours after heat shock) at time 24 (T24). Note that the induction of Hsp70 (A) and Hsp27 (B) in test 2 was greater than in test 1, and at the same time in test 2 we observed the largest nuclear translocation of the mentioned Hsps. The latter observation correlates with the increased deoxyribonucleic acid (DNA) repair capacity verified in group 4 of test 2, suggesting that Hsp70 and Hsp27 are accomplishing a role in the DNA repair process. Significant differences in the percentage of cytoplasmic Hsp27 and Hsp70 were found between group 1 and group 4 in both tests. In addition, significant nuclear Hsp70 induction was observed in test 2 at T24 (A) in group 4 compared with group 1. *P Ͻ 0.05, **P Ͻ 0.01, and ***P Ͻ 0.001; bars represent mean Ϯ SEM.
comet assay was useful to measure the number of apoptotic cells. Because apoptotic DNA fragmentation is characterized by the generation of double-strand breaks, the great extent of DNA damage in apoptotic cells could be easily distinguished by the movement of most of the DNA from the head into the tail of the comet (Fairbairn et al 1995) . The data obtained with the comet assay were similar to those provided by TUNEL and PARP cleavage, indicating that the alkaline comet assay is useful not only for DNA damage estimation but also for the evaluation of the level of apoptosis in a cell population. However, like most methods, the distinction between apoptotic and advanced necrotic cells is not generally possible (Olive 1999) .
In the present study, the damage produced in PBMC by doxorubicin (group 2) was measurable and statistically significant in tests 1 and 2 at T0 (immediately after doxorubicin treatment), as indicated by the decreased percentage of undamaged cells and the increased percentage of cells with high and total damage. The latter was verified more objectively by measuring the DNA repair capacity, which increased significantly when the lymphocytes were previously heat shocked (group 4) followed by a resting period of 24 hours before drug exposure, as seen in test 2 at T24. In contrast, we noted in test 1 at T24 (4 hours of recovery after heat shock) that doxorubicin increased apoptosis (data confirmed by the TUNEL technique and PARP cleavage). In addition, in test 2 at T24, group 3 (Do) was characterized by an increased number of highly damaged cells in comparison with group 4 (HSϩDo), suggesting a cytoprotector effect of heat shock. These data showed that the cytoprotection of the Hsps depends on the lapse allowed after heat shock (for Hsps synthesis and activation). However, we cannot rule out that other factors of the stress response are conferring cytoprotection.
The heat shock induced at 42ЊC was enough to significantly increase the levels of each Hsp studied in group 2 (HS) in comparison with group 1 (control). Hsp70 was highly heat inducible, and at T0 its levels in test 1 (4 hours of recovery) were lower than those observed in test 2 (24 hours of recovery after heat shock). Hsp27 followed the same pattern as Hsp70, although with lower expression levels. In contrast, Hsp90 induction was maximal after 4 hours of recovery but with a high interindividual variation. The Hsps synthesis was also induced by doxorubicin (group 3), but it was smaller than that observed in the heat shock group and statistically not significant, except in test 2 at T24. In addition, we demonstrated by western blot in group 4 (HSϩDo) a higher expression of Hsp27 and Hsp70 in test 2 at T24 than in test 1 at T24.
The low basal levels registered for all the Hsps were in accordance with previous reports (Fehrenbach et al 2000) . Other authors had demonstrated that hyperthermia had only a very weak effect on Hsp70 expression in lymphocytes; this expression increased slowly and is more significant at 42ЊC (Oehler et al 2001) .
Previous studies have shown that certain chemotherapeutic drugs are less effective on tumor cells previously exposed to hyperthermia. For example, it has been shown that elevated Hsp27 and Hsp70 levels were associated with doxorubicin resistance in MCF-7/BK and MDA-MB-231 breast cancer cells (Ciocca et al 1992) and in rodent tumors (Ciocca et al 2003) . Recent studies have described the antiapoptotic role of several members of the Hsp family including Hsp27, Hsp70, and Hsp90. In the present The mean values obtained from the groups 2, 3, and 4, for hMLH1 and hMSH2 and for test 1 and test 2, were greater than the basal level of group 1 (control). Note the significant increased in the mean values of the MMR proteins in group 4 of test 2, which correlates with the higher deoxyribonucleic acid repair capacity reported. There was also a significant difference between group 1 and group 3 *P Ͻ 0.05. The numbers on the figure correspond to each studied subject. C: control; HS: heat shock; Do: doxorubicin; HSϩDo: heat shock and doxorubicin. study, we observed by the comet assay that the Hsps might contribute to cell death as well as to the repair of the DNA lesions according to the post-heat shock resting period. In other words, these results stress the importance of the heat shock response in the maintenance of the balance between cell death and survival and the time dependence of the cytoprotective effect of the Hsps. Recent studies using camptothecin-treated Jurkat cells have shown that Hsp60 is able to accelerate the maturation of procaspase-3 by different upstream activator caspases (Xanthoudakis et al 1999) . It has been demonstrated that Hsp70 is able to directly inhibit caspase processing by interacting with Apaf-1 to prevent the recruitment of procaspase-9 to the apoptosome (Beere et al 2000) . It has been reported that Hsp90 and Hsp27 can inhibit the formation of the competent apoptosome, whereas Hsp90 associated with Apaf-1 can prevent its oligomerization (Pandey et al 2000) ; Hsp27 sequesters cytochrome c preventing its binding with Apaf-1 (Bruey et al 2000) .
Previous in vitro studies have shown that the nuclear translocation of Hsp70 may protect chromatin DNA from further damage or facilitate the repair of the DNA damage in unknown ways (Abe et al 1995) . In addition, it has been shown that thermal preconditioning at 42ЊC, 24 hours before doxorubicin treatment in rat cardiac muscle cells, protects against apoptosis and that Hsp70 mediates this effect (Ito et al 1999) . These observations were corroborated in vivo in breast cancer patients treated with induction chemotherapy. Those patients whose tumors expressed a high proportion of nuclear Hsp27 and Hsp70 had shorter disease-free survival (Vargas-Roig et al 1998) . Interestingly, in the present study, we verified in group 4 (HSϩDo) a nuclear translocation of Hsp27 and mainly of Hsp70 in test 2 at T24. Nevertheless, the nuclear Hsp70-Hsp27 translocation showed considerable interindividual variations, which may contribute to the differential disease susceptibility and response to chemotherapy (Boshoff et al 2000) . The translocation of Hsc70 into the nucleus during S phase also has been reported (Zeise et al 1998) .
Other authors have reported a role of inducible Hsp70 in enhancing cell proliferation and providing thermoprotection in MCF-7 breast cancer cells (Barnes et al 2001) . Recently, high levels of Hsp72 have been associated with lower genotoxic damage in lymphocytes of workers exposed to chemical carcinogens (Xiao et al 2002) .
In the present study, we have demonstrated that the nuclear translocation of Hsp27 and more particularly of Hsp70 after doxorubicin treatment in heat shocked PBMC (group 4) was associated with both increased DNA repair capacity and with high expression of the MMR proteins hMLH1 and hMSH2. Interestingly, we noted that these findings were especially present in test 2, when the recovery period was of 24 hours after the heat shock, suggesting the importance of the protein turnover for protein effect. In addition to the described antiapoptotic function of Hsp70, we report a possible participation of Hsp70 in the DNA repair process mediated by the MMR system in human PBMC. Furthermore, Hsp70 has been recently associated with a key base excision repair enzyme providing a possible mechanism by which Hsp70 protects the cells against oxidative stress (Kenny et al 2001) . We also reported a synergistic induction of cell death in group 4 (HSϩDo) of test 1 at T24, which maybe due to the reduced expression of MMR proteins and to the decreased levels of Hsp27 and Hsp70. Further studies will be required to fully elucidate the molecular mechanisms by which Hsp70 and Hsp27 interact with the MMR system and their possible clinical significance in tumor progression.
